The dominant emerging materials from more than 30 years ago are plastics, ceramics, and composite materials. Composite materials have steady growth in the volume and number of its applications as it enviably penetrates existing markets while creating new ones. Contemporary composite materials are well established in today's market of specialty and everyday products with its proven worth as weight-saving materials. There is a current challenge of cost-effectiveness and environmental friendliness, thus leading to the search for low-cost polymeric-reinforced composites using entirely biodegradable fibers. Bamboo fibers have provided some response in the production of materials that are recyclable, biodegradable, and sustainable. The natural fibers yield composites with high strength-to-weight ratios as a function of the best properties of each component. Researchers have found sustainable high-end quality industrial products that can be generated from raw materials like bamboo fibers. Due to its high strength-weight ratio, bamboo fibers are often used to replace natural glass fiber. Thus, the much attention has been given to its composites with different matrix materials. This article gives a review of recent developments of bamboo fiber-based reinforced composites, its processing methodology, and applications.
Introduction
There is a resounding dominance of ceramics and plastics as emerging materials. Glaring in the numerous applications and steady growth of composite materials over the years with the composite materials having a steady growth in the volume and number of its applications as it enviably penetrates existing markets while creating new ones [1] . Though contemporary composite materials are well established in today's market of specialty and everyday products with its proven worth as weight-saving materials, there is a current challenge of cost-effectiveness and environmental friendliness which is well elaborated in the literature [2, 3] . There is a recent switch toward the common use of carbon fibers and glass fibers among others as synthetic fibers in manufacturing composite materials [4] . However, natural fiber composites have proven to be more suitable considering most criteria except strength as findings have revealed glass fibers to be stronger [5] . Thus a pronounced increase in numerous applications of natural fibers in various industries due to favorable findings in the economic and environmental friendliness of the properties of natural fibers compared to synthetic fiber [6] .
The need for the use of redeemable natural materials in polymer composite development and fabrication was given birth to by the following.
• Soaring prices of standard plastics and raw materials for engineering • The dire need for sustainability of a natural reservoirs and • Removal of environmental threats Natural fibers are from plants containing lignocellulose substances and are environmentally friendly due to their strength, availability, renewability, and biodegradability [7] , such as cotton, jute, sisal, bagasse, hemp, coir, and hemp.
Fibers are of high economic importance in some developing countries such as cotton in West African countries, sisal in Tanzania, and jute in Bangladesh.
Softwoods and hardwoods have been exploited by researchers to extract the fibers and be purposefully used in development and research on polymer composites [8, 9] . Natural fibers can be used to reinforce thermoplastic and thermosetting matrices. Polyester, phenolic, epoxy, and polyurethane are commonly used thermosetting resin composites in specialty applications such as epoxy, polyester, polyurethane, and phenolic are commonly used composites requiring higher-performance applications due to their particularly sufficient mechanical properties such as strength and stiffness at relatively acceptable [10] [11] [12] . Genetic engineering is arguably the direction of advancement in natural fiber development as significant opportunities for improvement in materials from renewable sources with enhanced support for global sustainability is offered by composites science [13] . Natural fiber composites are biodegradable and non-carcinogenic, daring to industries and widely preferred to conventional composites, with recent findings highlighting the benefits of natural fibers composite and justifying its preference [14] .
Features of bamboo
Bamboo, being a perennial plant can grow up to 40 m in height in a torrential rain climatic condition. It has been used in carpentry, plaiting, weaving, and construction industries [31] [32] [33] . For example, it has been observed that curtains produced from bamboo fibers can absorb electromagnetic radiations (X-ray, infrared) at various wavelengths, making it exclusively less harmful to the human body when compared with other curtains produced from various materials [34] .
Recent studies have shown that the fabrication of environmentally friendly composites from bamboo fibers for ecological purposes (eco-composites) has very useful mechanical properties especially when steam explosion technique has been used for extraction of bamboo fibers from raw bamboo trees [35] .
It has also been revealed that there is the presence of sufficient specific strength in bamboo fibers that is more than obtained from conventional glass fibers. In fact, there is an increase of 30% and 15% in modulus and tensile strength, 1 3 respectively, because of the reduction in the number of voids and their impregnation as composites to those made from mechanically extracted fibers [36, 37] .
Distribution of bamboo
Bamboo is grown in virtually all the continents in the world such as African, Asia-Pacific, American, North American, and Europe [38, 39] . The continent with the largest bamboo production is the Asia-Pacific, and it has been identified in these regions by different names such as such as "wood of the poor" in India, "the brother" in Vietnam, and "friend of the people" in China (Table 1) . Vietnam, China, India, Myanmar, and Indonesia among others are Asian countries that boast large land of bamboo plantations [40] . With the global dominance of sympodial type of bamboo, a noteworthy increase of about 30% in monopodial bamboo was observed due to extensive awareness of the existing bamboo plantations in China [41] .
Its abundance drives the choice of bamboo fibers over other natural fibers, and it is widely unused, in South America, and Asia bamboo grows in abundance naturally without the need for cultivation. Crops are being utilized for composite reinforcements in countries with the scarcity of forest resources; topmost of the list of the crops is bamboo [42] . It is found in abundance in Asia and South America, while it is not fully explored although considered as a natural engineering material in many Asian countries. Thus the evolvement of a sustainable material that strengthens societal socioeconomic status as several months is required for its growth [43] . With some variations among species, a bamboo plant tends to attain maturity in size in about 6-8 months [44] . Often referred to as a weed due to its quick growth and spread and being utilized in small-scale construction and home décor and unwavering claim that it is likely the last sustainable plant resource that has not seen the light of vast usage [45] . The anatomy of the bamboo structure
Bamboo has a culm that is synonymous to a shape of a hollow cylinder with a diaphragm which appears in a ring-like form when viewed from the outside and this ring divides the inner side of every culm in the bamboo [46] . The space between two rings from where the branches grow is called 'internode.' The distance between each node is different among varied species of bamboo. The outer part of the culm in a bamboo consists of quite some vascular bundles with special internodes that strengthen the culm [47, 48] . The size of these antinodes depends on the height of the culm. Thus, characterization a bamboo largely depends on the parameters such as average size, density, and the number of vascular bundles found in its culm, and these parameters differ among varied species of the bamboo [49] . Hence, the usability of bamboo is usually reflected by these parameters that define it is their physical properties as determined by the anatomy of bamboo culms. The lower the upper diameter of the bamboo, the higher in its fiber density. Therefore, the base section of the bamboo though has lower strength can withstand a larger force compared to the upper section of the bamboo [50] .
Bamboo culm is a microstructure with numerous vascular bundles rooted in the parenchyma fleshy tissue and well distributed transversely around its thick wall [51] . These vascular bundles and their sheaths reinforce the bamboo culm, and they also connect all the nodes to the culm. These vascular bundles are also surrounded by fibrils (sclerenchyma cells) that are deeply scattered along the outer side of the culm wall, while they are found to be less on the inner side. These vascular bundles comprise two cells: xylem and phloem, while their size and density are different from the base and top bamboo culm [52, 53] .
The phloem transports sugars and nutrients to all parts of the plant, while the xylem transfers water. Each of the vascular bundle consists of a fiber strand that has numerous elementary fibers with pentagonal and hexagonal shapes. Nanofibrils embedded in the vascular bundle is stringently allied and bound together by hemicellulose and lignin [55] . Figures 1 and 2 show the structures of a bamboo culm and fiber [54] . Several studies have been carried out on the microstructure of bamboo with a better understanding of its anatomical structure. The bamboo was found to be made up of the considerably high percentage of lignin of about 32% with 60% cellulose [56] .
Chemical composition of bamboo
Studies have revealed that percentage compositions of bamboo fibers vary according to the bamboo age, region, and environmental conditions, and thus the percentage composition of the cellulose, lignin, hemicellulose, and ash. In fact, about 90% of the total weight of bamboo is made of fiber, while the other remaining 10% constituents are tannins, pigments, ash, fat, protein, and pectin [57] . These constituents are stationed in the cell cavity of special organelles and [54] are vital determinants of the physiological activity of bamboo. Figure 3 shows the chemical constituents of the bamboo fiber.
Lignin provides the stiffness and yellow color of bamboo fibers; a component that is difficult to remove due to its resistance to various alkalis, while fiber properties such as density, strength, flexibility, and moisture are contributions of the non-cellulosic components.
Comparisons of composition and alternately, mechanical properties of bamboo fibers with other natural fibers considering they have same fibril source of cellulose and lignin [58, 59] .
Extraction of bamboo fiber
Though bamboo fibers are obtained from bamboo trees, they can be categorized according to process and methods used for their extraction into two [60, 61] : (a) original bamboo fiber which is directly extracted using the mechanical and physical method, in the absence of any chemical additive, thus the name "Original" or sometimes referred to as "Pure bamboo" or "Natural bamboo.
(b) Bamboo pulp fiber sometimes referred to as bamboo viscose fiber or regenerated cellulose bamboo fiber is bamboo fibers that are extracted with the aid of chemical additives.
The two types of processing engaged in obtaining bamboo fibers, namely mechanical and chemical processing, with both initially including bamboo strips splitting is usually monitored by mechanical or chemical processes though this depends on the number of times the bamboo fibers will be used and the load it will be subjected. The chemical process does involve yielding of cellulose fibers by alkali hydrolysis (NaOH) before multi-phase bleaching is carried out via passing the alkali-treated cellulose fibers through carbon disulfide. This process is the least time-consuming procedure for yielding bamboo fibers, and it is used by most manufacturers [62] .
The mechanical process is typical with enzymes treatment of the initially crushed bamboo leading to the formation of spongy mass, and individual fibers are obtained by with the aid of mechanical comb. 3 Chemical constituents of bamboo fiber [58] Although the process is less economical compared to the chemical process, the method is more environment-friendly [63] . It has been reported that it is convenient to divide the fiber extraction into rough or fine bamboo depending on the preparation method [64] .
The rough bamboo fibers are prepared by cutting, boiling, and separation followed by fermenting the bamboo with enzymes, while the fine bamboo is boiled, followed by fermenting with enzymes, and then it can be washed, bleached with acid treatment, and finally soaked in oil and air-dried. These procedures are outlined in Fig. 4 .
A major advantage of fiber extraction using mechanical process over chemical process is a better environmental characteristic of the extracted fiber [65] .
Mechanical extraction technique
This method involves different processes such as steam explosion, retting, crushing, grinding and rolling of the bamboo in a mill to extract the fiber for special applications such as composite reinforcements.
Steam explosion method
Steam explosion methods are the application of low energy consumption process that involves the separation of cell walls of the bamboo plant to produce a pulp. This method has been in use since 1962, and it is mainly utilized in the pulp industry, and though it appropriately separates lignin from the surface of the plant, the resulting fibers are dark and rigid [66] . A study has revealed that it is impossible to remove lignin from the bamboo fiber completely through steam explosion process. However, this can be done only through machine mixing and the lignin can be separated as a remnant from the fibers to produce bamboo fiber cotton (BFC) [67] . It has also been observed that the tensile strength of the BFC reinforced composite has a much greater weight percentage when compared with those containing only bamboo fiber. The bamboo was later cut and overheated in an autoclave at 175 °C and 0.7-0.8 MPa for about 60 min. The same process has been repeated nine times to safeguard the cell walls from fracture before the fibers were washed with soap in hot water at 90-95 °C and dried in an oven at 105 °C for 24 h. The steam was instantly released for 5 min, and this process was repeated to ensure ash removal, and the remnant of the lignin content was condensed on the surface of the fibers, thus bringing about a reduction in adhesion between the resin and the extracted fibers [68, 69] . During the steam explosion process, bamboo fibers were softened following the cracking of cell walls of the fibers, thus enabling extraction. The crushing of the soft cell wall of the bamboo fiber surface also reduces the shear resistance, and this allows the partial decomposition of the lignin [70] . This lignin can be washed ultrasonically from the fibers and then be treated with isocyanate to remove unexpended cells. The results obtained after the steam explosion showed that extracted fiber has a very higher tensile strength as compared to isocyanate-treated fibers. The is because the chemically treated fiber has created a very weak interface between the soft cells and the fibers that reduce to a greater extent the tensile strength of the produced fiber-reinforced thermoplastic composites [71] . Therefore, there is the need to devise another treatment technique that will enhance the adhesion between the bamboo fiber and the matrix formed [72] .
Retting process
This procedure involves the peeling of the cylindrical section of the culm to obtain the strips. Before the peeling is done, the bamboo bark is removed. The strips are parked in bundles wetted in water for at least 3 days, and then it is compressed and trimmed with a sharp-edged knife. The fiber quality is strongly affected by the scraping process, and thus lesser fibers broke along the length of fibers [73] . Another study has revealed that neither scrapping nor combing is done, but the raw bamboo is cut into numerous longitudinal fragments without removal of the bamboo epidermis and node [74] . The bamboo strips have been rinsed with water, while the culms were fermented in water under room temperature for 2 months before aerobic and anaerobic retting is done effectively to separate the bundles from the culm. It has also been revealed that the extracted fiber bundle consisted of a single fiber that can invariably acquire any length [75] .
Crushing process
Extraction of bamboo fibers was achieved by first using a roller crusher to cut the raw bamboo into small pieces before duly extracted into coarse fiber using a pinroller. The coarse fibers were boiled at 90 °C for 10 h in a dehydrator to remove fat before drying in a rotary dryer [76] . The challenge of employing this process is that it produces short fibers that become powdered after mechanical over-processing [77] .
Grinding process
Grinding involves the cutting of the bamboo culm without nodes into strips and then soaked in water for 24 h [78] . The wetted strips are then cut into smaller pieces manually with a sharp knife. An extruder can be used to obtain a wide strip, while for the longer strips the bamboo can be cut into small chips. The grinding of the bamboo chips takes about 30 min [79] .
It is usually done using a high-speed blender; this is to ensure that the bamboo fibers are in smaller sizes which can later be separated with sieves of many sizes and apertures. Alternatively, an oven can be used to dry the extracted fibers for 72 h at 105 °C. A high tensile load is used, to obtain long fibers, and this brings about increased transverse length. It has also been reported that the same procedure has been being used to extract fiber so that morphological and rheological behavior of the bamboo fiber composite can effectively be studied [80] . This system of grinding has also been utilized in the production of dried bamboo strands and can be used to study the Nano clay as well [81] .
Rolling mill process
This method involves the cutting of the bamboo culm from the nodes into smaller pieces. The strips are usually 1 mm in thickness and are soaked in water for 1 h to allow the separation of fibers under very at low speed and pressure. The rolled strips obtained were then soaked in water for 30 min, and the fibers are slice into small pieces using a sharp knife or razor blade. The fibers obtained ranges from 220 to 270 mm in size and they are dried in the sun for a maximum of 2 weeks [82] . It has been reported that the bamboo strips can be achieved through compression between two pairs of steel cylinders, while the fibers can be extracted without necessarily soaking in water [47] . Generally, the slicing of the bamboo through this process involves soaking in water to soften the lignin, and the fibers can be passed through the roller to bring about reduction in their bonding strength. Usually, the fibers extracted from this procedure ranges from 30 to 60 cm in length [83] .
Chemical extraction
This procedure has to do with the reduction or removal of lignin content of the elementary fibers with the use of alkali or acid retting, chemical retting, Chemical Assisted Natural (CAN), or degumming. This treatment also has notable effects on other components of the bamboo microstructure such as hemicellulose and pectin and hemicellulose. The chemical procedures used in various studies are reviewed in the following section.
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Simultaneous extraction and degumming
Several researchers have used combination of chemicals and enzymes to extract fibers, and then degumming process is added to obtain a finer and soft fiber. This is achieved by the removal of the gummy and pectin content from the decorticated bamboo strips [84] . It is essential to note that the enzyme will degrade the gummy material in the middle lamella and the cell wall and produces a very good separation of the cellulose fibers.
Alkali or acid retting process
The application of this processing method involves the stripping of the bamboo and then heating in a stainless-steel vessel containing 1.5 M NaOH solution at a temperature of 70 °C for 5 h. After this heat treatment, the alkaline treated bamboo strips are transferred to a pressing machine where steel has been used to separate the fibers [85, 86] . It is very important to note that this process of extraction provides less damage to the fiber. It has been reported that the bamboo can be sized into smaller chips and soaked in 1 M NaOH for 2 h at 70 °C. In this procedure, there is the stimulation of the cellulose and noncellulose parts which further enhances the separation of the bamboo fibers [87] . This procedure can be repeated several times under controlled pressure and this can further allow the extraction of fiber in the form of pulp.
However, the disadvantage of this method of extraction which is the materialization or development of larger fiber bundles as the extraction continues.
In a separate study, bamboo strips have been soaked 1 M NaOH for 72 h before the fiber extraction with trifluoroacetic acid (TAA) solutions. The lignin that has been obtained was found to dissolve completely in both NaOH and TAA [88] .
It has thus been concluded from this study that lignin remained in the middle lamella when soaked in NaOH while it can substantially be removed when TTA is used. Hence, alkaline solutions offer a greater interfacial bonding of fiber composites as compared to other methods such as degumming or mechanical extraction [89] .
Chemical retting process
It has been reported that chemical assisted natural retting process can be used to remove water and lignin bamboo fibers. In this process, the bamboo culm is first of all sliced into very thin chunks or slabs in a longitudinal section after which the fibers are separated manually before been immersed in a solution of Zn(NO 3 ) 2 whose concentration is between 1 and 3%, while the liquor-to-bamboo ratio is 1:20. It has been ensured that the temperature is kept within 40 °C at a neutral pH for 16 h after which it is boiled in water for 1 h. A Bio-Oxygen Demand incubator is usually used to maintain the temperature and pH. It has been found that this process enhances more and efficient removal of lignin as compared to alkaline or acid retting process. However, it has been observed that the moisture content of the bamboo fiber is very high. In a separate study [90] , it has been reported that the bamboo culm has been sliced into 2-cm chips and then roasted at 150 °C for 1 3 30 min. The chips obtained have been soaked in water for 24 h at a temperature of 60 °C, dried in air, and then rolled on a flat surface for further removal of impurities.
This procedure is repeated and the fiber bundles are afterward soaked and cooked in 0.5% NaOH, 2% Na 5 P 3 O 10 , 2% Na 2 SO 3 , and 2% NaSi Solutions for 60 min at a temperature of 60 °C while the bamboo to liquor ratio is 1:20. Before acid treatment with 0.5% diethylenetriamine pentacetic acid and 0.04% xylanase acid for 60 min at 70 °C and pH value of 6.5, the bamboo fiber has been washed in hot water.
The bamboo fibers were later cooked again at 100 °C for 60 min using the same procedure described above, but this time only 0.7% NaOH has been used. After this procedure was repeated, the bamboo fibers were bleached in a polyethylene bag with 4% H 2 O 2 , 0.2% NaOH, and 0.5% NaSi for another 50 min [4] .
The bamboo fibers that has been obtained was then refined with 0.5% H 2 SO 4 acid for 10 min, and then it was emulsified for 5 days. It has been concluded from this study that the bamboo fiber that has been obtained has a very small orientation angle and can be used for exterior macrofibrils that serve as a very good property for using bamboo fiber as reinforcement as compared to fibers obtained from cotton, ramie, and flax [91] .
Combined mechanical and chemical extraction process
This method involves the combinations of mechanical extraction together with chemical extraction. The mechanical extraction is usually achieved using compression molding methods (CMM) and roller molding method (RMM). After the molding procedure, the chemical extraction can be done through the use of alkali and acid solutions [92] . In a separate study, CMM has been used to pressurize bamboo strips soaked in a bed of alkaline solutions after which a load of 10 tons is placed at both ends of the bamboo strips to pull and extract the fibers.
Two key factors: bed thickness and compression time are essential for obtaining very good quality fibers. RMM method usually involves the use of two rollers fixed at both ends to flattening the bamboo strips, or the one end can be made to rotate, while the other end is fixed, and the application of chemical and mechanical processes would enhance quick separation of the strips into various sizes of bamboo fibers. Two factors that are essential for the use RMM is the size of compression mound and the diameter of the rollers as these two will determine the amount of fiber that can be extracted.
In another study, only a roller was utilized in extracting the fibers, nodes of the bamboo culm were detached while internodes were sliced in the longitudinal direction to make strips using the slicer. The bamboo strips were soaked in NaOH solution with concentrations of 1%, 2%, and 3% at 70 °C for 10 h. The mechanical properties of fibers soaked in 1% NaOH were found to be higher than those fibers immersed at other concentrations. Using a roller looser, the alkali-treated strips fiber was extracted before the resulted small fibers were dried in an oven at 105 °C for 24 h [93] .
Surface modification processes

Salinization treatment
In this technique the fibers are put in a 3:2 alcohol-water solution containing a silane-based adhesion promoter for 2 h at pH of about 4, rinsed in water, and dried in oven. Organosilanes form the major group of coupling agents produced to bond polymer to mineral fibers. In salinization, the functional group in the coupling agent initiates the reaction with the polymer, either by copolymerization or by the formation of an interpenetrating network (IPN) [94] .
Acetylation treatment
This method involves the introduction of an acetyl functional group into an organic compound. The main reason of acetylation is to coat the OH groups of fibers which are accountable for their hydrophilic nature with molecules that are more in hydrophobic character [95] . In acetylation, the fibers are immersed in glacial acetic acid for 1 h and then immersed in a blend of acetic anhydride and few drops of concentrated sulfuric acid for few minutes, then filtrated, washed, and dried in ventilated oven [96] .
Benzoylation treatment
Benzoylation of fiber improves fiber-matrix adhesion, by increasing the strength of the composite, reducing its water absorption, and enhancing its thermal stability. The fiber is firstly pretreated with alkaline to activate the hydroxyl groups of the cellulose and lignin in the fiber; then the fiber is suspended in 10% NaOH and benzoyl chloride solution for 15 min.
The removed fibers are then soaked in ethanol for 1 h to remove the benzoyl chloride and lastly washed with water and dried in the oven at 80 °C for 24 h [97] .
Maleization treatment
Maleated coupling agents are commonly used to reinforce composites containing fillers and fiber reinforcements. Maleic anhydride is used to modify fiber surface as well as polypropylene (PP) matrix to achieve excellent interfacial bonding and mechanical properties in composites. The mechanism of reaction of maleic anhydride with PP and fiber can be described as the activation of the copolymer by heating to about 170 °C before fiber treatment and then the esterification of cellulose fiber. The surface energy of cellulose fibers is increased by this treatment to a level much closer to the surface energy of the matrix [95] . This gives better wettability and higher interfacial adhesion of the fiber [97] .
Isocyanate treatment
This treatment technique involves washing sodium hydroxide treated fibers and dried. The fibers are then soaked in carbon tetrachloride (CCl4), catalyst is added, and the mixture is well stirred. The reaction can continue for a considerable amount of time at a temperature slightly higher than room temperature with continuous stirring. Fibers are then purified by refluxing and are finally washed with distilled water and oven-dried at 100 °C [98] .
The isocyanate group reacts with the hydroxyl group on fiber on the fiber surface, and this improves interface adhesion with the matrix of the polymer [94] .
Peroxide treatment
This surface treatment technique involves the immersion of the fibers into a solution of dicumyl (or benzoyl) peroxide in acetone for about half an hour, then poured and dried. Studies have highlighted significant improvements in the mechanical behavior of natural fibers, especially fiber strength and stiffness, and hence the mechanical properties of the resulting composite [99] .
Enzymatic treatment
The use of enzymes technique in fiber treatment is becoming increasingly important. Presently, the use of enzymes in natural fiber modification is also fast growing [100] . A major reason for acceptance of this technology is the fact that enzymes are inexpensive and environmentally friendly. The reactions catalyzed are very specific and have a focused performance [101] . Reported enzymatic treatments by conducting experiment for 90 min under constant agitation (80 rpm) at the optimum temperature in a standard water bath. The enzymes were deactivated by heating at 90 °C for 10 min. The fibers were washed with warm water to remove traces of enzyme and buffer reagents and the samples were dried at 80 °C for 5 h and stored in polyethylene bags.
Corona, cold plasma treatment
Corona discharge as well as cold plasma treatment is a physical treatment process used for surface oxidation activation. This technique changes the surface energy of the cellulose fibers [97] . Various surface alterations can be achieved using different plasma gases.
Surface cross-linking can also be introduced, the surface energy could be increased or decreased, and reactive free radicals and groups can be produced.
Preparation of oriented bamboo fiber mat (OBFM)
The bamboo was cut into a tube with a length of 2600 mm using a saw and split longitudinally into two semicircular bamboo tubes. Afterward, the inner nodes were removed while the semicircular bamboo tube was strapped into the fluffier along the grain direction. The bamboo tubes were fluffed along the longitudinal fiber direction, forming a series of dotted and linear shaped cracks lengthways in the fiber direction; thus, a natty structural OBFM was formed by the interlaced bamboo bundles fiber consisting of several ground tissues and less than five vascular bundles. The OBFMs were oven-dried to an approximate moisture content of 10% [102] .
Extraction of bamboo nanocrystals for nanocomposites
As discussed earlier, bamboo is a large source of cellulose and cellulose fibers which are valuable in the production of biocomposites and nanoscale particles because the fibers are made of natural nanoscale components [103] . Also, cellulose fibers are environment-friendly, cheap and easily found from plant fibers, hence the suitability of natural cellulose fibers for preparation of nanocomposites. Researchers have reported extracting nanofibers and nanocrystals from plants [92] .
There are various methods of obtaining nanofibers and nanocrystals from natural materials but the foremost approaches to prepare cellulose nanofibers and nanocrystals to embroil mechanical treatment, enzymatic treatment, and chemical modification [104] .
However, the stability of cellulose structure and blockage of chemical reagents from reacting with active fiber groups make it quite uneasy to obtain cellulose nanofibers and nanocrystals. Renowned mechanical treatments such as grinding, a high-pressure homogenizer, and ultra-sonication have been utilized to facilitate the chemical process [58] .
Testing of bamboo and bamboo fibers
Testing of bamboo and bamboo fibers using different methods and various specimen sizes has been carried out in numerous studies. In this review, collective testing of bamboo and bamboo fibers is studied with different methods. However, testing methods for bamboo and bamboo fibers will be studied separately. The fiber-testing method used in finding the modulus of elasticity of fiber according to the ASTM standard is well explicated by literature [105, 106] . Testing of the bamboo includes testing of the bamboo, bamboo scrimbers and sheets, and bamboo fibers.
Testing of bamboo
Following the identification of bamboo as a natural functionally graded material whose elastic modulus steadily increases from the inner to the outer surfaces, a hollow cylinder test was developed to characterize stiffness and of bamboo specimens in the cross-sectional plane. The rubber hose which is inserted into a bamboo specimen to provide inner pressure is inflated using a hydraulic jack [98] [99] [100] . The strains on the inner and outer surfaces of the bamboo are then measured under an increasing inner pressure until the bamboo specimen splits.
The effective elastic modulus of bamboo varies continuously in the radial direction that is tentatively approximated by a power, exponential or linear function, respectively, each of which comprises two parameters to be determined experimentally. Bamboo is tested in this mode [107, 108] .
The hollow cylinder test is applicable for calculating the elastic modulus in tangential and radial tangential direction, and the values of both differ due to the anisotropy of the bamboo fibers. The variation in the elastic modulus in a radial direction from the inner radius to the outer radius is exponential. The hollow cylinder test is very expedient in the determination of strength of the bamboo [109] .
However, the test has disadvantages such as its applicability to only hollow bamboos and the limited dimensions of bamboo specimens; the inner diameter of specimens must be more than that of the rubber hose and within the range of tubing inflation.
Fatigue test is an important parameter used in determining diametrical compression and axial loading. The bamboo is subjected to cyclic loading before as a whole plant and then later as a composite material under loading as can be used in the building and construction industry. Nevertheless, there is no data on fatigue of the material after such loading has been carried out.
Studies have revealed that some part of the bamboo culm that is subjected to loading in parallel to the culm does not weaken because of the fatigue. It is either failed at the initial loading or remains unchanged [110] . However, it is usually observed that there is fatigue in samples that are subjected to loading through compression across the entire radius of the bamboo culm. In this scenario, it is eminent that the amount of fatigue is increased with a decreased cyclic load within a range as it has been noted in other similar engineering materials. In fact, applied load can be as small as 40% of the ultimate strength of the bamboo [111] . Notably, the fatigue is due to the deformation of the bamboo fiber because of bending when loaded by compression. Axial compression has been found to be inconsequential to fatigue. However, loading across the radius of the bamboo culm can cause an unusual failure which can be observed in stages with the appearance of cracks that often grows at various locations around the entire bamboo Structure [112] .
A static failure which usually occurs in the first cycle is often because of the tensile stress of 19.1 MPa at the inner layer, and it increases to 10.4 MPa at the outer layer. For high cycle failure, which is usually around 100,000 cycles, stress within the range of 11 MPa is observed at the inner layer while it is 4.5 MPa in the outer layer. These stresses are usually noticed from the holes and grooves which are the basic features from series of multi-failure process.
The size, shape, and location of these holes and grooves are still under investigation. Occurs in the first cycle is associated with a tensile stress of 19.1 MPa on the inner layer, and it increases to 10.4 MPa at the outer layer and 10.4 MPa on the outer surface. High cycle failure observed at 100,000 cycles requires a stress range of 11 MPa on the inner surface and 4.5 MPa on the outer surface. The effect of stress concentration features such as holes and grooves is complicated due to the multistage failure process. There is a need for more work to better understand the effect of feature size, shape and location [113] .
Testing of bamboo scrimbers and sheets
Available products of bamboo are laminated bamboo sheets and bamboo scrimbers, both of which are used in furniture applications as bamboo had become a decent replacement for the engineered timber products.
The methods employed for testing with ASTM standards and different specimen sizes for the tensile, shear, compressive and bending tests are tabulated in Table 2 , while Fig. 5 elaborates the specimen sizes [20] .
In a study involving two commercially produced materials from China, the bamboo scrimber material comprised of Phyllostachys pubescens (Moso) with a phenol-formaldehyde resin. The final product was a 140-mm section available in varying lengths. The manufacturing process of bamboo scrimber utilizes the bamboo culm with minimal processing.
The obtained commercial product was tested as a final product without additional modifications. The average density of the bamboo scrimber was 1160 kg/m 3 with a moisture content of 7%. The method of producing bamboo scrimbers is shown in Fig. 6 . In comparison, more so as a raw material was found to have a relative density of approximately 0.5-1.0 [108] .
Using a soy-based resin as previously discussed and shown in Fig. 7 , laminated bamboo sheets can be produced from Moso bamboo strips. The structural specimens were made from the commercial sheet (2440*1220*19 mm). The sheet was cut and the section laminated into desired dimensions using polyurethane adhesive (Purbond HB S309). The adhesive was manually applied with a glue proportion of about 180 g/m 2 (final product), and the lamina was pressed using manual clamps to apply an essential pressure of 0.6 MPa for 4 h.
Testing of bamboo fibers
The filament was mounted along the centerline of a slotted paper tab, and axial alignment was accomplished without damaging the fiber. After the specimen is mounted on the test machine, the paper tab is cut to allow for filament elongation. Specimens of various gauge lengths were tested to failure at a constant crosshead rate, and the load-displacement curve is obtained. It is the single fiber test shown in Fig. 8a [114] . The fibers are tested by using tow test in some cases. In the tow test, resin-impregnated yarn strand also called roving, or tow of 150 mm length with both ends cast in resin tab, and tensile testing is carried out according to the standard ASTM D4018 that is shown in Fig. 8b [115] .
Testing of bamboo fiber-reinforced composite
Testing of the bamboo-reinforced composite is like the ordinary composite material. The most commonly measured properties in mechanical testing are tensile strength, ultimate tensile strain, and longitudinal modulus tensile strength. All these properties for compressive or tensile-loading are determined for the unidirectional lamina. The mechanical analysis is the study of a material's behavior when subjected to loads. Polymer Bulletin (2019) 76:2655-2682 The mechanical properties of the fiber are mostly provided by the cellulose content, which is influenced by several factors such as fiber length, fiber aspect ratio, fibers volume fraction, fiber-matrix adhesion or fiber orientation. Several publications on bamboo fiber-reinforced composites revealed that mechanical properties of bamboo vary due to the different testing methods used and the samples tested as different types of specimen sizes are tested for different types of materials with literature indicating that all the specifications are according to ASTM standard [116] .
There are several studies of bamboo fiber-reinforced composite according to the different standards and specimen sizes. Many studies compared findings of the tests of bamboo fiber composite for different or same matrix materials but different fibers such as the glass fibers, Sisal fibers, Kenaf fibers [117] .
Bamboo and Kenaf fiber composites with biodegradable matrix material CP-300 (corn-starch-based resin, which was a blend of starch and PCL) were compared and findings revealed fibers young's modulus to be 18,500 MPa for bamboo and 22,000 MPa.
Also, kenaf was found to be more compressible than bamboo due to its porous structure. The ratios of compression were 1.1-1.0 for bamboo and 1.6-1.3 for kenaf. However, the flexural modulus in kenaf composites was the same level as in bamboo composites because Young's modulus in bamboo was measured lower than actual modulus due to the partial breakage behavior during testing. An increase in flexural modulus brings about an increase in fiber volume fraction [118] .
Bamboo fibers and PLA are reported to be annually renewable and biodegradable. The effects of fiber content and fiber treatment by mercerization were analyzed. Compression molding and single-screw extrusion can create composites of PLA and bamboo fibers. These composites can be prepared with a fiber concentration of up to 40% by weight. Using this method, the likely limit for the concentration of fibers in composites is forty percent. Addition of bamboo fibers using this fabrication method caused the PLA to become more brittle, reduced the bending strength and fracture toughness of PLA while increasing the bending modulus [119] .
The dynamic properties of PLA and the composites were decidedly dependent on temperature in the range of 30-150 °C, but not very dependent on frequencies below 100 Hz. It was noted that addition of bamboo fibers did not significantly affect the glass transition temperature of the PLA but brought about reduction in the temperature at which degradation of PLA initiates, and thus a low degradation temperature might be preferable for disposable materials. Addition of high concentrations of treated fibers is reported to increase the flame retardation of PLA. It would be quite enlightening to study the thermal conductivity of these composites in the future to better explore their potential as insulation materials [120] .
Tensile properties of bamboo fiber, coconut fiber, and vetiver grass fiber-reinforced injection molding and extrusion processes prepared PLA composites. Addition of natural fibers were reported to increase the tensile modulus of untreated natural fiber-reinforced PLA composites.
The tensile strength of coconut fiber and untreated vetiver grass fiber composites were lower than that of neat PLA and decreased with increase in fiber content. However, the tensile strength of untreated bamboo fiber/PLA composites was discovered to remain constant and decrease when fiber content reached 40 wt%. The effects of flexible epoxy surface treatment on tensile properties were found to be dependent on the form of natural fiber. The tensile strength of biocomposites was found to decrease with the application of flexible epoxy surface treatment. The flexible epoxy surface treatment was found to significantly improve the tensile strength of bamboo fiber-and coconut fiber-reinforced PLA composites when compared with untreated composites [121, 122, 123] . The bamboo fiber was proven to be the most effective reinforcement for improved tensile properties of natural fiber-reinforced PLA composite [115] [116] [117] .
Fiber/matrix interfacial adhesion is the primary factor that determines the mechanical properties of natural fiber composites (sisal, bamboo). Although natural fibers are superior in properties due to its hydrophilic nature, it possesses poor bonding nature with the hydrophobic polymer matrix, thus resulted in the degradation of its mechanical properties [124] .
Numerous studies regarding surface modification of fibers, both physically and chemically, have been reported for improving the fiber/matrix interfacial interaction. The fiber length, moisture absorption capacity and loading are also reported to have a notable influence on the mechanical properties of the natural fiber-reinforced composites.
The loading, optimum fiber length, and low moisture absorption nature of the fibers were reported to have improved the mechanical properties of the composite. Natural fiber composites are subjected to weight loss due to thermal degradation at a higher temperature. However, the addition of flame retardants is reported to have increased thermal stability of the composite [27] .
A study introduced an innovative glass fiber-reinforced polymer, GFRP-bamboowood sandwich beam. Experiments were carried out to investigate the effects of the thickness of layers of GFRP and bamboo on the overall structural performance in bending. An increase in the thickness of the bamboo and GFRP layers was found to significantly increase the ultimate load and flexural stiffness of the sandwich beams [125] .
In addition, an interesting alternative for reduction of inconveniences of polymer utilization, bamboo also has advantages in terms of preservation and conservation. Mechanical testing carried out on bamboo in a previous study indicated bamboo fiber's suitability for mechanical products. However, the study recommends fiber lengths, concentration, orientation, aspect ratio, dispersion, selection of matrix, and chemistry of the matrix need to be further investigated [126] .
Findings revealed bamboo fiber-reinforced epoxy had higher tensile strength, while jute fiber-reinforced epoxy composites had higher Young's modulus. However, composites of both (bamboo and jute fiber-reinforced epoxy composites) had better flexure strength with longitudinal and transverse fiber distribution, respectively [127] .
It was found that fiber distribution was not uniform in both bamboo and jute fiberreinforced UD composites, and it was also revealed that better thermal properties were shown by jute fiber-reinforced epoxy composites in comparison with bamboo fiber-reinforced epoxy composites. Up to 40% increase in bamboo fiber content by mass in bamboo fiber-reinforced plastic was found to bring about a 60% increase in the tensile modulus with no obvious increase in tensile strength.
A study revealed replacing bamboo fibers with glass fibers brings about an improved tensile strength and a tensile modulus of bamboo glass-reinforced plastic. Varying the length of the bamboo fiber in composite materials was found to bring about a slight improvement in the tensile modulus but does not result in improvements in the tensile strength, while a slight improvement in tensile modulus is observed [128] .
Light-weight PP (polypropylene) composites reinforced with bamboo strips were reported to have considerably higher flexural properties compared to similar composites reinforced with PP fibers. The bamboo strip (BS)-PP composites have high acoustical and flexural properties which were observed even at low composite densities that makes them a suitable replacement for fiberglass presently used for automotive headliner substrates. BS-PP composites can be manufactured at much lighter weight with same or higher mechanical properties in comparison with jute-PP composites. Sound-dampening properties of BS-PP composites were also found to be higher compared with jute-PP composites thus making bamboo an ideal raw material for automotive headliner composites [129] .
A study revealed the use of oriented bamboo fiber mat (OBFM) and phenol resins in producing bamboo fiber-reinforced composites was found to significantly enhance the mechanical properties of the resulting composite compared to composites obtained from raw bamboo and other bamboo-based composites [29] .
Findings of the study indicate that BFRC with suitable properties is quite promising and practicable with efficient utilization of bamboo. In another study, bamboo charcoal was utilized as a reinforcing material in wood-plastic composites, and a significant increase in the capacity of water resistant as the percentage increase in the bamboo charcoal was observed [102] .
The tribological behavior of bamboo/epoxy composite was studied by researchers and findings revealed a high specific wear rate at the first stage which then reduced at a steady state due to the smoothening process that occurred on both rubbed surfaces. The bamboo/epoxy composite had a coefficient of friction of about 0.57-0.64 and 5.5-5.7 mm 3 /Nm at 2.8 m/s velocity [129] . A study comparing natural cotton fibers with natural bamboo fiber revealed the later has no antibacterial ability, like flax fiber. By contrast, Ramie fiber was found to exhibit some degree of inhibitory action against the three test bacteria used in the study. The inhibitory action was especially high with a bacteriostatic rate of 90.2% against Staphylococcus aureus [130] .
The regenerated bamboo fiber was found to exhibit an inhibitory effect on bacterial growth but not on fungi. An observed linear relationship between the bacteriostatic rate and moisture implies the microbial resistance exhibited by the plant fiber may be associated with its hygroscopy, thus employing some specific extraction methods could enhance the performance of natural bamboo fiber against bacteria [131] . The strength of bamboo fiber composites makes it a proven replacement for the glass fiber composite applications as proven by findings of numerous studies. Details of the bamboo fiber composite studied by various were well itemized in a review.
In summary, bamboo is a fast-growing plant that has the potential to replace polyurethane and fiberglass which are non-environmentally friendly and non-recyclable raw materials, for composites applications. It can also replace woods for certain applications.
Composites made from bamboo strips have relatively high acoustical and flexural properties obtainable even at low composite densities, thus their suitability as a replacement for fiberglass presently used as automotive headliner substrates. Compared to other natural fibers, composites of bamboo fiber can be produced at much lighter weight for the same or higher mechanical properties.
It has higher sound-dampening properties and has mats made of its fine strips already available in the market, thus making it an ideal raw material for automotive headliner composites and a reliable competitor in the broad composite applications. Its replacement of wood in specific applications is very much attributed to the good acoustic properties exhibited by bamboo strip mats, thus making it usable as noise absorber furniture in the multiplex and recording studios.
The simplicity and minimal energy consumption of extraction process of bamboo fiber in comparison to carbon and glass fiber extraction processes is also key to the preference of bamboo fibers in composite applications. Though a limitation of bamboo fiber as compared to natural cotton fiber is its lack of antibacterial ability, regenerated bamboo fiber has an inhibitory effect on bacterial growth but not on fungi.
As a prospect, bamboo plant is abundantly available, fast growing, and less employed in both exterior and interior applications. It is hydrophobic owing to its cellulose and hemicellulose molecules, causing diffuse and weak interfacial bonding between fibers and matrix.
As reviewed, numerous works have been done using clay in wood (natural fiber) polymer composites. Nevertheless, little studies have been carried out on the properties of bamboo strips reinforced composites with nanoclay particles in combination with coupling agents. The nanoclays provide cross-linkage and enhance the hydrophobicity. The natural fiber will be modified by with suitable phase change materials at appropriate ratios to develop composites with better mechanical, physical, morphological, and water absorbance properties and improving thermal stability. Impregnation technique will be employed. This method involves reinforcing the bamboo fiber with compatible polymers and nanoclay in a vacuum chamber in the presence of a catalyst. Optimum values of amount of clay, pH of the medium and time for the impregnation will be determined. This method has, in addition, the potential to reduce the susceptibility of the material to biological degradation.
